Lung morphogenesis is a well orchestrated, tightly regulated process through several molecular pathways, including TGF-β/bone morphogenetic protein (BMP) signaling. Alteration of these signaling pathways leads to lung malformation. We investigated the role of Follistatin-like 1 (Fstl1), a secreted follistatin-module-containing glycoprotein, in lung development. Deletion of Fstl1 in mice led to postnatal lethality as a result of respiratory failure. Analysis of the mutant phenotype showed that Fstl1 is essential for tracheal cartilage formation and alveolar maturation. Deletion of the Fstl1 gene resulted in malformed tracheal rings manifested as discontinued rings and reduced ring number. Fstl1-deficient mice displayed septal hypercellularity and end-expiratory atelectasis, which were associated with impaired differentiation of distal alveolar epithelial cells and insufficient production of mature surfactant proteins. Mechanistically, Fstl1 interacted directly with BMP4, negatively regulated BMP4/Smad1/5/8 signaling, and inhibited BMP4-induced surfactant gene expression. Reducing BMP signaling activity by Noggin rescued pulmonary atelectasis of Fstl1-deficient mice. Therefore, we provide in vivo and in vitro evidence to demonstrate that Fstl1 modulates lung development and alveolar maturation, in part, through BMP4 signaling.
lung atelectasis | trachea formation | surfactant protein C | lung epithelial differentiation L ung development is a well orchestrated process that is tightly regulated by transcription factors, hormones, growth factors, and other factors in temporal and spatial manners (1, 2) . The mouse lung is derived from foregut endoderm in an embryonic day (E) 9.5 embryo. Trachea arises from the more proximal foregut tube, whereas the rest of the lung develops from two ventral buds that form at the distal end of the trachea, and undergoes branching morphogenesis to produce the pulmonary tree (3, 4) . This branching morphogenesis is accompanied by differentiation of epithelial cell types along a proximal-distal axis, including bronchial Clara cells (proximal) and alveolar type I and type II epithelial cells (AEC-I and AEC-II, respectively; distal) (5) . These highly specialized cell types render specific functions in the respiratory tract, such as the functional alveolar surface area formed by AEC-I and AEC-II cells for gas exchange (6) .
TGF-β superfamily growth factors regulate organogenesis, including that of the lung (1, 7) . For example, they exert an inhibitory effect on lung branching morphogenesis (8) . Interference of TGF-β signaling with a dominant-negative TβRII (9) or antiSmad2/3 oligos (10) in embryonic lung organ cultures stimulates branching morphogenesis. BMP4 is dynamically expressed in the distal epithelium; disruption of BMP4 signaling in lungs of Sp-CXnoggin or Sp-C-dnAlk6 transgenic mice abrogates the proximaldistal patterning in the lung where distal epithelial differentiation is inhibited while proximal differentiation is promoted (11, 12) .
BMP4 gain of function in the lung results in less extensive branching and decreased distal epithelial differentiation (11) . The precise mechanism of TGF-β family members in regulating lung development is largely unclear.
Follistatin-like 1 (Fstl1), first identified as a TGF-β1-inducible gene (13) , encodes a secreted extracellular glycoprotein belonging to the Fst-SPARC family, whose amino acid sequence contains a follistatin-like domain (14, 15) . Its functions and the underlying mechanism are poorly understood. Studies in zebrafish (16, 17) suggest a developmental role of Fstl1 in early dorsoventral body axis establishment. In vitro studies have shown that Fstl1 is one of the mesenchymal factors determining oviductal epithelial cell fate (18) . In this study, we generated Fstl1-deficient mice to examine the role of Fstl1 in lung development and found that Fstl1 is essential for normal tracheal formation as well as alveolar maturation. Furthermore, we demonstrated that Fstl1 regulates the differentiation of lung epithelial cells, in part, through negative regulation of BMP4 signaling.
Results
Generation of Fstl1-Deficient Mice. To determine the biological function of Fstl1 in vivo, we first generated Fstl1 +/− mice by intercrossing EIIa-Cre;Fstl1 flox/+ mice ( Fig. S1 A and B) . Fstl1 −/− mice were then generated by intercrossing Fstl1 +/− mice. Western blotting confirmed the loss of Fstl1 protein expression (Fig. 1A) .
Fstl1
−/− pups were born alive at the expected Mendelian ratio (27%, 127 of 472). However, all homozygous pups breathed irregularly and displayed a cyanotic skin color, then died shortly after birth (Fig. 1B) . In addition, Fstl1 −/− neonates displayed multiple defects, including abnormal dorsal-ventral pattern of the neural tube, hydroureter, and overall skeletal defects. Consistent with the pleiotropic developmental defects caused by the loss of Fstl1, in situ hybridization revealed widespread Fstl1 expression during mouse embryonic development, including in the lung (19) . sections of E18.5 homozygous trachea revealed a striking deformed lumen. Fstl1 −/− tracheas were enlarged at the upper and lower levels but narrowed at the middle level, and their inner margins were irregular, with many small folds sometimes accompanied by protuberances in the tracheal aperture ( Fig. 2A and Fig. S2A ). At birth [postnatal day (P) 0], apart from a few instances of tracheal stenosis, most lumens of Fstl1 −/− tracheas (>80%) were larger than their WT controls ( Fig. 2A and Fig.  S2A ). These larger tracheas could be observed as early as E15.5 (Fig. S2B ). Another consistent observation was a profound disorganization of the Fstl1 −/− tracheal epithelium (Fig. S2C ). E15.5 and E18.5 Fstl1 −/− trachea also displayed interrupted or truncated cartilages, whereas their WT littermates showed Cshaped cartilage rings ( Fig. 2A and Fig. S2 A and B) . The larynx and the trachea were greatly disorganized in all homozygous fetuses (Fig. 2B) . The number of tracheal rings formed was reduced (Fstl1
, four to eight rings, n = 10) and the rings did not grow and extend as dorsally as those in WT samples. These impaired cartilages failed to provide the airway with a rigid skeletal support, resulting in the soft and flabby tracheal tubes. Immunohistochemistry (IHC) analysis also revealed extremely attenuated type II collagen signals at E13.5 and E15.5 (Fig. 2C) , showing the defective cartilaginous differentiation in Fstl1 −/− mice.
It has been suggested that tracheal cartilage formation is a multistep process. The committed mesenchymal cells first condense and proliferate to form cartilage primordia that prefigure the overall shape of future cartilages (E10.5-E12.5). Expression of cartilage-specific proteins (such as type II collagen) is then initiated and cells differentiate into chondrocytes (E13.5-E15.5). After E15.5, well formed C-rings can be observed (20) . To further examine the function of Fstl1 in cartilaginous development, we generated stable clones overexpressing Fstl1 using murine mesenchymal cells, ATDC5, which can differentiate into chondrocytes in the presence of insulin-transferrin-sodium selenite (ITS) (21) . As determined by MTT assay, Fstl1 increased the proliferation of mesenchymal cells (Fig. 2D) (Fig. 1C) , and showed similar lung/body dry weight ratio compared with their WT littermates (Fstl1 −/− , 0.47%, n = 7; Fstl1 +/+ , 0.48%, n = 10; P > 0.05). The striking abnormality of Fstl1 −/− lungs was their condensed appearance with a few big air bubbles in the distal airways (Fig. 1C) . Histological examination of WT lungs displayed many small distal saccules with thin septa (E18.5) and showed normal saccular expansion at birth (P0). By contrast, E18.5 Fstl1 −/− lungs had a 60% reduction in air sac spaces and thickened hypercellular intersaccular septa (Fstl1 −/− , 30.5 ± 2.0 μm; Fstl1 +/+ , 15.5 ± 2.2 μm, n = 4; P < 0.05; Fig. 3A ). At birth (P0), they were atelectatic and characterized by areas of poorly expanded sacs as well as some compensating overexpanding bronchioli (Fig. 3A and Fig.  S3A ). This condensed appearance started from the saccular stage (E17.5 to approximately P0; Fig. S3A ). (C) Autopsy observation showed that WT lungs were expanded by inhalation of air, which can be seen as air bubbles in the distal regions, but Fstl1 −/− lungs were collapsed and did not show evidence of air in the distal airways (tr, trachea). To determine whether the hypercellularity of Fstl1 −/− lungs is caused by increased relative numbers of epithelial cells, we performed IHC with antibody to TTF1, which marks all lung epithelial cells. At E18.5, Fstl1 −/− lungs had a 29% increase in the number of TTF1-positive epithelial cells (Fig. 3B ) compared with WT controls. Sections were also stained with a phosphohistone H3 (p-HH3) monoclonal antibody to detect cells undergoing mitosis. At E15.5, Fstl1
−/− lungs showed a 19% increase in the number of p-HH3-positive cells in the epithelial compartment but a slight reduction in the mesenchymal compartment ( Fig. 3C and Fig. S3B ). By E18.5, few stained cells were present in either Fstl1 −/− or WT lungs (Fig. S3B ). BrdU incorporation showed a similar result (Fig. S3 C and D) . In addition, no significant cell death was observed by TUNEL staining in either Fstl1 −/− or WT lungs. Thus, Fstl1 deficiency increases epithelial cell proliferation, resulting in a hypercellular phenotype of Fstl1 −/− lungs.
Impaired Distal Epithelial Differentiation in Fstl1
−/− Lung. To determine whether the epithelial differentiation occurred properly in hypercellular septa of Fstl1 −/− embryos, markers for proximal (CC10) and distal (SP-C) epithelium were used to immunostain sections of E18.5 lungs. Both markers were present in the Fstl1 (Fig. 4 A and B) .
To analyze distal epithelial differentiation in Fstl1 −/− lungs, we next performed IHC with antibodies specific for AEC-I cells (T1α) or AEC-II cells (SP-C). In contrast to the increased expression of SP-C, the percentage of T1α staining coverage was decreased in the lung saccules of Fstl1 −/− mice (4.8 ± 1.7%, n = 4) compared with WT controls (12.2 ± 3.2%, n = 4; P < 0.05; Fig.  4A ). qRT-PCR analyses showed a marked decrease in mRNA expression levels of both T1α and Aqp5 (AEC-I cell marker) in E18.5 Fstl1 −/− lungs (Fig. 4B) , confirming less differentiation of AEC-I cells.
We further examined the lung epithelium from E18.5 WT and Fstl1 −/− mice at the ultrastructural level. Squamous AEC-I cells were clearly visible in WT lungs whereas it was lacking in Fstl1 −/− saccules (Fig. 4C) . Although the cuboidal AEC-II cells were observed in both WT and mutant lungs, the WT cells were mature with many apical microvilli and lamellar bodies. Surfactant materials were observed within the saccular spaces. By contrast, most cuboidal AEC-II cells lining Fstl1 −/− saccules were immature with smaller apical microvilli, fewer developing lamellar bodies, and dispersed cytoplasmic glycogen (Fig. 4C) . The glycogenenriched immature AEC-II cells were further determined by increased periodic acid-Schiff (PAS) staining in the saccular epithelium ( Mature AEC-II cells are responsible for the production and secretion of the lung surfactants that are crucial in lowering the surface tension in the lung and thereby preventing end-expiratory atelectasis (22) . An insufficient production of surfactants, especially the two surfactant-associated proteins (SP-B and SP-C), in both infants and adults, has already been reported to be associated with respiratory distress syndrome (7, 23) . We next analyzed the expression and secretion of SP-B and SP-C in Fstl1 −/− lungs. Western blot analysis (Fig. 4D) showed that deletion of Fstl1 slightly affected the expression of pro-SP-B/SP-C from E18.5 lung tissues. However, production of mature SP-B/SP-C was strikingly decreased in Fstl1 −/− lungs. These data suggest that absence of Fstl1 activity interferes with SP-B/SP-C mature processing in AEC-II. The reduced surfactant production of immature AEC-II cells led to Fstl1 −/− lung atelectasis.
Fstl1 Binds to BMP4 and Negatively Regulates Smad Signaling in
Vitro. To determine the molecular mechanisms whereby the absence of Fstl1 activity results in the phenotypes described earlier, we examined the Smad-mediated TGF-β/activin/BMP signaling. Western blotting using lung extracts showed higher phosphorylation levels of Smad1/5/8 (Fig. 5A ) from E18.5 Fstl1 −/− lungs than those from WT littermates, whereas similar levels of phosphorSmad2 were observed between the genotypes (Fig. S4A) . These data indicate that the modulating effects of Fstl1 on BMP/Smad1/ 5/8 signaling are during the saccular lung development. We then examined the role of Fstl1 by using in vitro cultured Hep3B cells. As shown in Fig. 5B , phosphorylation of Smad1 induced by BMP4 was inhibited by recombinant Fstl1 protein or Fstl1 overexpression. In agreement with this, Fstl1 inhibited the BMP4-induced expression of the reporters BRE-luciferase (Fig. 5C ) or GCCG-luciferase (Fig. S4B ) in a dose-dependent manner. Meanwhile, Fstl1 featured a comparable activity to other BMP antagonists, such as Noggin and Follistatin (Fig. 5B and C) , further supporting its negative role in regulating BMP4/Smad signaling. As Fstl1 is a secreted protein, we reasoned that it should function at the ligand/receptor level. To test this possibility, we used constitutively active BMP type I receptors (caALK1 and caALK6), which can activate Smad1/5/8 independently of ligands and type II receptors. Overexpression of Fstl1 did not inhibit caALK1/6-induced activation of GCCG-luciferase (Fig. S4C) , suggesting that Fstl1 acts upstream of BMP type I receptors. We then determined whether Fstl1 could bind to either BMP4 or BMP4 receptors. The binding affinity of Myc-His-tagged mouse Fstl1 to BMP4 was determined by surface plasmon resonance (SPR) analysis. Kinetic measurements using different concentrations of Fstl1 yielded a K d of 7.2 nM for BMP4 (Fig. 5D ). There was weak binding of Fstl1 to TGF-β1 (K d of 36 nM), but no binding to activin A, nerve growth factor, or epidermal growth factor. These data indicate that Fstl1 directly and specifically binds BMP4. We further examined whether Fstl1 could bind to BMP receptors. Fstl1 could pull down the BMP type II receptor (BMPRII; Fig. 5E ), but not the type I receptor, ALK6 (Fig. S4D) . As Fstl1 has the ability to interact with both BMP4 and its type II receptors, we deduced that there is competition between BMP and Fstl1 in receptor binding. Indeed, BMP4 competed with Fstl1 in binding with BMPRII (Fig. S4E) . We therefore concluded that Fstl1 negatively regulates BMP4 signaling through interfering with the ligand-receptor interaction.
Reducing BMP Signaling Activity Rescues Pulmonary Atelectasis of Fstl1
−/− Mice. If increased BMP/Smad signaling in Fstl1 −/− lung plays a causative role in the development of atelectasis, it is expected that reducing BMP signaling would ameliorate or even rescue the atelectasis in Fstl1 −/− lungs. To test this possibility, we used an E15.5 embryonic mouse lung explant model of saccular stage development (24) and added Noggin, an antagonist of BMP ligand, to reduce BMP signaling activity. After 48 to 54 h of ex vivo culture, sections of Fstl1 −/− explants showed condensed/atelectatic phenotype with 54% less dilation of saccular airways compared with WT controls (Fig. 6A) , similar to the 60% reduction in the sac spaces of in vivo E18.5 Fstl1 −/− lungs (Fig. 3A) . Addition of Noggin increased the saccular spaces of Fstl1 −/− explant, with 17% less dilation than that of WT control, indicating the atelectatic defect seen in Fstl1 −/− lungs was partially rescued (Fig. 6A) . Bright-field microscopy images of saccular airways at the explant periphery showed a similar result (Fig S5 A and B) . Furthermore, we observed that Fstl1 had similar inhibitory effect of Noggin on BMP4-induced SFTPC mRNA expression in A549 cells (Fig. 6B) . Additionally, Noggin reduced Sftpc mRNA expression in Fstl1 −/− explants (Fig S5C) . These data demonstrate a functional link between the Fstl1 and BMP4-dependent signaling pathways (Fig.  6C ) during embryonic saccular lung development.
Discussion
The lung is derived from an outpocketing of the foregut endoderm into the mesenchyme of the fetal thorax. Its formation depends upon complex interactions between epithelial-mesenchymal cells via paracrine factors. The present study provides evidence for the critical role of the secreted glycoprotein Fstl1 in mouse lung and trachea development. Targeted inactivation of the Fstl1 gene resulted in tracheal flaccidity, saccular septal hyperplasia, endexpiratory atelectasis, impairments of distal saccular epithelial cell differentiation and maturation, and, ultimately, failure of lung function. Mechanistically, Fstl1 executes its functions partially through interaction with BMP4 to negatively modulate BMP4/ Smad signaling.
Mice lacking Fstl1 showed malformed tracheal cartilage rings. Malformations of laryngotracheal cartilage in human infants with congenital airway anomalies can cause death (25) . However, to date, the genetic basis of this malformation has not been established. Our model suggests Fstl1 as a candidate gene for correct laryngotracheal cartilage formation. During cartilaginous development, Fstl1 might promote the proliferation of committed mesenchymal cells in cartilage primordia, or help these precursor cells to differentiate into chondrocytes. The role of Fstl1 in chondrogenesis is supported by the evidence of overall skeletal defects in Fstl1 −/− mice. Interestingly, without the rigid skeleton support, Fstl1 −/− mice did not develop tracheal stenosis, which has been seen in the neonatal lethality of mice deficient in Wnt5a (26) and Hoxa5 (27) . Instead, Fstl1 −/− mice had enlarged tracheal lumens. Similar observations were reported in Hoxa-3 mutants (28) . It is unclear whether other tracheal tissue components are involved.
Target deletion of Fstl1 causes inhibition of saccular structural maturation. This abnormal phenotype is characterized by failure in progression of saccular septa thinning, which is necessary for gas exchange. In Fstl1 −/− mice, saccules were lined by a cuboidal epithelium that lacked squamous AEC-I cells. Fstl1 inactivation appeared to increase lung cellular proliferation (29, 30) , but these cuboidal cells were immature SP-C-positive AEC-II-like cells containing large glycogen droplets and some LB bodies. Our model is different from many genetically immature lung phenotypes, such as Foxa2-null mice (31) and Pten-null mice (32) , in which numerous proliferative epithelial cells in the thickened saccular septa are often accompanied with the inhibition of AEC-II cell differentiation as reflected by the reduced Sftpc expression and few LB bodies. The exact molecular mechanisms responsible for this specific activity of Fstl1 remain to be elucidated. On the contrary, our model is in agreement with the hypothesis that AEC-I cells are differentiated from AEC-II cells (6) and further suggests that the requirement of mature AEC-II cells.
Structural immaturation of Fstl1 −/− lungs was accompanied by biochemical immaturation. The productions of mature SP-B/C in Fstl1 −/− lungs were significantly decreased. Clinically, respiratory failure of neonates mostly resulted from insufficient production of surfactant (7, 33) . Infants born with congenital SP-B or SP-C deficiency (33) and mice with a targeted deletion of the SP-B gene (23) succumb to respiratory distress syndrome. The production of mature SP-B/SP-C requires specific multistep proteolytic cleavages as pro-SP-B/C are trafficked through the regulated secretory route (22) . Unfortunately, the mechanisms underlying this are largely unknown. We postulate that Fstl1 may play a role in surfactant processing. The structural and biochemical immaturation of Fstl1 −/− lungs causes saccular collapse (pulmonary atelectasis), which is the main cause for neonatal death.
In the present study, we provided several lines of evidence that Fstl1 may modulate BMP signaling. Although its orthologues in zebrafish, zfstl 1/2, have been observed to function redundantly to nog1 and chd to antagonize BMP activity during zebrafish development (16, 17) , effects of Fstl1 on BMP signaling are still under discussion (18) . No evidence of the interaction between Fstl1 and TGF-β superfamily proteins has been proposed. Our in vitro data showed that Fstl1 can directly bind BMP4 and exert its function by interfering with the BMP4/BMPRII complex and negatively regulate downstream Smad signaling. This is similar to the function of its paralogue Follistatin. Follistatin is a well known TGF-β superfamily antagonist protein, with a high binding affinity for activin (34) (14, 34) .
BMP4 signaling has been implicated in the regulation of morphologically correct development of lung, specifically distal epithelial differentiation (11, 12) . In the current mouse model, we observed up-regulation of phospho-Smad1/5 together with the increased SP-C-positive staining AEC-II cells in atelectatic Fstl1 −/− lungs. Reducing BMP signaling activity by Noggin partially rescued the collapsed saccules and reversed the increased Sftpc mRNA levels in Fstl1 −/− lung explants. The defective phenotype is, at least in some respects, similar to those reports for impaired BMP activity (12), supporting our hypothesis that Fstl1 affects distal lung epithelial differentiation partially through modulating BMP signaling. Fstl1 may orchestrate with other BMP antagonists via their individual spatiotemporal expression patterns and control BMP4 signaling that is required for distal epithelial differentiation.
We have shown here that targeted deletion of the Fstl1 gene in mice caused neonatal death from tracheal impairment and saccular immaturity. Fstl1 is essential for tracheal cartilage formation and peripheral lung epithelial differentiation and maturation. We further demonstrated that Fstl1 interacted with BMP4 and regulated lung AEC-II cell differentiation by negatively regulating BMP4/Smad1/5/8 signaling. Taken together, Fstl1 acts as a BMP4 signaling antagonist to modulate saccular maturation. The precise mechanisms that Fstl1 regulates tracheal cartilage formation and alveolar epithelial cell differentiation, if and how Fstl1 regulates other signaling pathways, such as Wnt and TGF-β1, during lung morphogenesis, and the interplay among Fstl1-BMP4, Fstl1-Wnt, and Fstl1-TGF-β1, are actively pursued in our laboratories. This study and our continuing efforts will provide insight into the mechanism coordinating the TGF-β superfamily in regulating organogenesis and into the understanding of the molecular mechanisms of congenital tracheal and lung anomalies in human, and would provide new strategies for new therapeutic developments.
Experimental Procedures

Generation of Fstl1
−/− Mice. Fstl1 flox/+ mice (129S4 × C57BL/6J) were generated by standard homologous recombination. In these mice, Fstl1 exon 2 encoding the signal peptide was flanked by loxP sequences. Fstl1 flox/+ mice were then mated to EIIa-Cre transgenic mice (FVB/N; Jackson Laboratory). Deletion of exon 2 results in loss of its signal peptide and disrupts its ORF, leading to loss of Fstl1 expression. The chimeric offspring were backcrossed with C57BL/6J to generate Fstl1 +/− mice, which then were intercrossed for production of Fstl1 deficient (Fstl1 −/− ) mice.
SI Experimental Procedures provides additional details on the generation of Fstl1
−/− mice, as well as details on genotyping and Southern analysis, Western blotting, pull-down assay, qRT-PCR, morphological analysis, cell culture and saccular explant culture, luciferase assay, SPR analysis, and statistical analysis.
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SI Experimental Procedures
Generation of Fstl1 −/− Mice. Fstl1 flox/+ mice (129S4 × C57BL/6J) were generated by standard homologous recombination at Model Animal Research Center, Nanjing University, China. In these mice, Fstl1 exon 2 encoding the signal peptide was flanked by loxP sequences. Fstl1 flox/+ mice were then mated to EIIa-Cre transgenic mice (FVB/N; Jackson Laboratory), in which the adenovirus EIIa promoter directs expression of the Cre enzyme in early mouse embryos (two-to eight-cell stage) to achieve homologous recombination between LoxP sites and triggers the deletion of the exon 2 in all cells of the developing animal, including the germ cells that transmit the genetic alteration to progeny. Deletion of the exon 2 results in loss of its signal peptide and disrupts its ORF, leading to loss of Fstl1 expression. Because of the mosaic activities of Cre recombinase, the first generation of EIIa-Cre;Fstl1 flox/+ might be chimeric with different deletions. Therefore, the chimeric offspring were backcrossed with C57BL/6J to generate Genotyping and Southern Analysis. Mouse genotyping was performed on genomic DNA isolated from mouse tails by PCR with the following primer sets Ff1, 5′-TCC CAC CTT CGC CTC TAA CT-3′; and Rf4, 5′-GAA CTC TGC GGC TGC TCT G-3′. A 560-bp or an approximately 350-bp fragment was produced from the WT allele or the null allele, respectively. Genomic Southern blots of mice tail biopsies were performed using standard procedures. A 500-bp fragment, located at the 5′ terminus of the 5′ homologous arms, was used as a probe which was obtained by PCR with the primer set (5′-AAC CCT GCT TTC TGT CTG C-3′ and 5′-CAT GCC TTC CTA TTT GTT GG-3′) using genomic DNA as a template.
Western Blotting, Pull-Down Assay, and qRT-PCR Analysis. The antibodies were used to recognize the following proteins: Fstl1, mature-SP-C, mature-SP-B, c-Myc (A14), β-actin, and GAPDH (Santa Cruz Biotechnology); pro-SP-C and pro-SP-B (Abcam); phospho-Smad1/5, total-Smad5, total-Smad1, and phosphoSmad2 (Cell Signaling Technology); and Flag (Sigma). For pulldown assay, COS7 cells were transfected with BMPRII-flag or Myc-His-Fstl1 with Lipofectamine (Invitrogen). In vitro translated Myc-His-tagged Fstl1 was concentrated by Ni-NTA-agarose beads (Qiagen) which could capture His-tagged proteins. After washing, the beads were incubated with extrogenous Flag-tagged receptor cell lysates. The Ni-Fstl1-bounded Flag receptors were then analyzed by immunoblotting with anti-Flag, or anti-Myc antibodies. Total RNA was isolated with TRIzol (Invitrogen), cleaned with the RNeasy Mini Kit (Qiagen) and the DNA-free kit (Ambion), and then qRT-PCR was performed by using SYBR GreenER qPCR SuperMix Universal (Invitrogen) according to the manufacturer's protocols. Gene expression was measured relative to the endogenous reference gene, mouse β-actin or human GUSB, using the comparative CT method described previously (1) . Sequences of the specific primer sets are as follows: Col2a1 (NM_031163), forward, 5′-CCA AAC CAG CCT GAC AAC TT-3′; reverse, 5′-TCT AGC ATG CTC CAC CAC TG-3′; Sftpc (NM_011359), forward, 5′-GAA GAT GGC TCC AGA GAG CAT C-3′; reverse 5′-GGA CTC GGA ACC AGT ATC ATG C-3′; Cc10 (NM_011681), forward, 5′-CAT GCT GTC CAT CTG CTG C-3′; reverse, 5′-CTC TTG TGG GAG GGT ATC C-3′; Aqp5 (NM_009701), forward, 5′-GGT GGT CAT GAA TCG GTT CAG C-3′; reverse, 5′-GTC CTC CTC TGG CTC ATA TGT G-3′; T1α (NM_010329), forward, 5′-TGC TAC TGG AGG GCT TAA TGA-3′; reverse, 5′-TGC TGA GGT GGA CAG TTC CT-3′; β-actin (NM_007393), forward, 5′-AGG CCA ACC GTG AAA AGA TG-3′; reverse, 5′-AGA GCA TAG CCC TCG TAG ATG G-3′; SFTPC (NM_003018), forward, 5′-TCT CCA CAT GAG CCA GAA ACA C-3′; reverse, 5′-CGT TGC TGG GCT TCC G-3′; and GUSB (NM_000181), forward, 5′-CTC ATT TGG AAT TTT GCC GAT T-3′; reverse, 5′-CCG AGT GAA GAT CCC CTT TTT A-3′.
Morphological Analysis. Whole embryos or lungs were fixed in 4% paraformaldehyde in PBS solution at 4°C and embedded in paraffin. Sections (5 μm) were mounted on slides and stained with H&E. Lung sections were also stained with PAS. Antibodies used for IHC were pro-SPC and Col2a1 (Abcam); TTF1, CC10, and T1a (Santa Cruz Biotechnology); and p-HH3 (Cell Signaling Technology). Trachea of the E18.5 pups were removed under stereoscope and stained with Alcian blue. Transmission EM was performed with lung tissue obtained from E18.5 Fstl1 −/− mice and littermate controls after fixation in glutaraldehyde according to the standard procedures. Cell proliferation assay was performed by counting p-HH3-positive cells, as well as the total cell number in three adjacent slides from three different WT or Fstl1 −/− embryos. Cellular proliferation was also measured by nuclear incorporation of BrdU in the lungs from E15.5 and E18.5 embryos. For BrdU labeling, 0.1 mg/g body mass of BrdU (Roche) was injected intraperitoneally into pregnant female mice. Injected animals were killed 1 h later (E15.5) or 2 h later (E18.5), and embryos were then processed for paraffin sections. Fivemicrometer sections were treated with 2 N HCl for 1 h, neutralized with PBS solution six times for 10 min each, and immunostained overnight at 4°C with a mouse monoclonal antibody to BrdU (1:50 dilution; Roche). Samples were incubated with HRP polymer-goat anti-mouse IgG (Maixin_Bio) for 15 min. Signals detected by using 3,3-diaminobenzidine substrate (Maixin_Bio). Slides were slightly counterstained with hematoxylin (Sigma) and examined by light microscopy. Quantitative measurement was made with Image Pro Plus 6.0 software (Media Cybernetics). The lung sections in each group were coded, and representative images were acquired with a Leica DM3000 microscope by an investigator who was blind to the identity of the slides. Ten random fields at a magnification of 400× were selected from each sample (n = 4 for each group). The images were taken under the same exposure setting.
Cell Culture and Saccular Explant Culture. Human pulmonary epithelial cells A549 and hepatoma epithelial cells Hep3B were obtained from American Type Culture Collection. Chondrogenic ATDC5 cells were obtained from the Riken Cell Bank. Cells were maintained in DMEM/F12 (Gibco) supplemented with 5% FBS (HyClone) and antibiotics in 5% CO 2 at 37°C in a humidified atmosphere. ATDC5 cells started to differentiate when replacing with differentiation medium containing 2% ITS media supplement (Sigma). At 48 h after transfection with Fstl1-expressing plasmid or pcDNA3.1, stable transfectants were selected with G418 (Sigma) for 14 d. Individual clones were picked and am- Southern blot analysis of progenies from chimeric mice and C57BL/6J, indicating the WT allele (6 kb) and loxP mutated allele (4.2 kb), resulting from an EcoRI restriction enzyme digest. 
